
Stromal-Cell Derived Factor Is Expressed by
Dendritic Cells and Endothelium in Human Skin
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Stromal-cell derived factor or SDF-1 is a CXC chemo-
kine constitutively expressed by stromal bone mar-
row cell cultures that binds to the G-protein-coupled
receptor CXCR4. SDF-1/CXCR4 represents a unique,
nonpromiscuous ligand/receptor pair that plays an
essential role in prenatal myelo- and lymphopoiesis
as well as in cardiovascular and neural development.
SDF-1 prevents entry of CXCR4-dependent (X4) HIV
viruses in T lymphocytes, by binding and internaliz-
ing CXCR4. The expression pattern of SDF-1 protein
in normal tissues is not known. Here we describe an
analysis of SDF-1 mRNA and protein in normal and
inflamed skin by in situ hybridization and immuno-
histochemistry, using a novel anti-SDF-1 monoclonal
antibody. We also describe the expression pattern of
CXCR4 receptor by immunohistochemistry. Our re-
sults show that SDF-1 protein and mRNA are normally
expressed by endothelial cells, pericytes, and either
resident or explanted CD1a1 dendritic cells. Epithe-
lial cells of sweat glands but not keratinocytes also
express SDF-1. In various inflammatory skin diseases,
a large number of mononuclear cells and fibroblasts
in close contact with CXCR4-positive lymphocytic in-
filtrates also express SDF-1. CXCR4 was also detected
in many different normal cell types, including endo-
thelial and epithelial cells, which points to a role for
SDF-1/CXCR4 cell signaling in vascular and epithelial
homeostasis. The demonstration of SDF-1 expression
in dendritic and endothelial cells provides new in-
sights into the mechanisms of normal and patholog-
ical lymphocyte circulation and makes it possible to
envisage a role for locally secreted SDF-1 in the selec-
tive incapacity of mucosal dendritic cells to support
and propagate infection by X4 HIV isolates. (Am J
Pathol 1999, 155:1577–1586)

Chemokines are a large family of small peptides with
chemoattractant properties.1 Based on the arrangement
of the two first cysteines, they are classified into two main
subfamilies, CC and CXC chemokines. Stromal-cell-de-
rived factor 1 (SDF-1) is a CXC chemokine constitutively
expressed by bone marrow stromal cells that binds to the
G-protein-coupled receptor CXCR4.2 Two products, a
and b, are generated from the SDF-1 gene by alternative
splicing. b and a forms differ by the presence of four
additional amino acids at the carboxy terminal end of the
former.3,4

SDF-1/CXCR4 interactions are unique and nonpromis-
cuous. In mice, SDF-1 or CXCR4 gene knock-outs gen-
erate a similar phenotype, characterized by deficient B
lympho- and myelopoiesis, and abnormal neuronal and
cardiovascular development.5–8 Embryo lethality associ-
ated with either CXCR4 or SDF-1 gene knock-outs em-
phasizes the critical and unique role played by their
products during development. Prenatal death precludes
the use of these animal models to investigate the post-
natal physiological functions of these proteins. However,
the constitutive expression of SDF-1 on one hand and, on
the other hand, the fact that SDF-1/CXCR4 represents a
nonredundant cell-signaling system, suggest that this
chemokine plays a critical role in lymphocytic circulation
and immune surveillance in the postnatal life. In vitro,
SDF-1 shows potent chemoattractant properties for cells
expressing the CXCR4 receptor, such as monocytes,
lymphocytes, and CD341 hematopoietic stem cells.9–11

Moreover, SDF-1/CXCR4 interactions are involved in
homing and circulation of leukocytes during B-cell lym-
phopoiesis and myelopoiesis.5–7 The role of SDF-1 and
CXCR4 in the homing of CD4 T lymphocytes or CD341
stem cells to the bone marrow of mice has been demon-
strated.12

Besides its physiological functions, SDF-1 has the
unique capacity, not shared with any other known che-
mokine, to inhibit the entry of CXCR4-dependent (X4)
viruses in T lymphocytes by binding and internalizing
CXCR4.13–16 Although both X4 and CCR5-dependent
(R5) viruses are detected in AIDS patients, only R5 HIV
isolates are transmitted and propagate during asymp-
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tomatic phases of HIV infection, in contrast to X4 isolates,
which become predominant in AIDS patients.17 A role for
SDF-1 in delaying the evolution and mortality related to
HIV, presumably associated with interference in the prop-
agation of X4 HIV viruses during acute and chronic/
asymptomatic phases of infection, has been proposed.18

SDF-1 transcripts have been detected in many tissues.3

However, human blood leukocytes do not express SDF-
1,3 and the cell types involved in SDF-1 production and
interference with transmission and propagation of X4 HIV
isolates remain to be identified.

In an effort to identify SDF-1-producing cells, we have
investigated the expression of SDF-1 products in human
skin. Human skin offers an accessible and abundant
source of tissue to investigate the phenotypic character-
istics of cells involved in immunological and inflammatory
responses. Importantly, skin contains Langerhans cells,
which are critical in antigen presentation and specific
priming of naive T lymphocytes. Immature Langerhans
cells show a selective incapacity to support infection by
X4 HIV isolates or to fuse with cells expressing X4 HIV
envelopes that correlates with a relatively low abundance
of CXCR4 on their cell surface.19,20 Thus the study of
SDF-1 and CXCR4 expression in skin could shed light on
the role played by this ligand/receptor in immunological
homeostasis and dissemination of HIV.

Using a novel and specific anti-SDF-1 monoclonal an-
tibody (mAb), we have analyzed SDF-1 expression in
normal and inflamed skin. Because many chemokines
can be internalized and presented on their surface by
different cell types, particularly by endothelial cells
(ECs),21 we have also studied the expression pattern of
SDF-1 at the mRNA level by in situ hybridization (ISH) to
evaluate whether cell types containing SDF-1 protein are
also responsible for SDF-1 gene expression.

Herein we demonstrate that SDF-1 and its receptor
CXCR4 are expressed by ECs, pericytes of adult small
capillary blood vessels, and some epithelial cells. Impor-
tantly, we show that normal Langerhans cells express
SDF-1 and that CXCR4 mononuclear cells colocalize with
SDF-1-expressing cells in different skin inflammatory dis-
eases. Overall our findings are compatible with a poten-
tial role for SDF-1 in the haptotactical attraction of circu-
lating T lymphocytes by ECs and their interaction with
antigen-presenting Langerhans cells.

Materials and Methods

SDF-1 Antibody and cDNA

The anti-SDF-1 K15C mAb (IgG2a) recognizes an
epitope encompassed in the amino-terminal end of
SDF-1; it was developed by immunizing BALB/c mice
with a synthetic polypeptide carrying SDF-1 residues
1–15, where cysteines in the motif C9P10C11 were re-
placed by serines. The SDF-1b cDNA was isolated from
primary human fibroblasts by reverse transcription of to-
tal RNA and subsequent polymerase chain reaction
(PCR) amplification. The cDNA of SDF-1a was obtained
by PCR amplification, using the SDF-1b cDNA as a tem-

plate.3,4 Nucleotide sequences of both cDNAs were ver-
ified by dideoxy sequencing. For expression in mamma-
lian cells, SDF-1 a and b cDNAs were subcloned in a
pcDNA3 plasmid (Invitrogen, Carsbad, CA) that allows
transcription from a human cytomegalovirus promoter.

Immunodetection of SDF-1 in Cells and
Human Skin

Normal skin was obtained from five healthy individuals
undergoing minor surgical interventions. Skin biopsies
from five patients with cutaneous lupus, five with der-
matomyositis, and five with systemic sclerosis (scleroder-
ma) were also studied. All samples were routinely fixed
with formalin and embedded in paraffin. Antigen retrieval
was performed by microwave heating (3 3 5 minutes at
750 W in 1 mmol/L EDTA, pH 8) before immunostaining.
Endogenous peroxidase was quenched in 3% H202

in methanol for 20 minutes. Staining was performed fol-
lowing a standard indirect avidin-biotin horseradish per-
oxidase method (ABC standard; Vector Laboratories,
Burlingame, CA). Color was developed with diaminoben-
zidine (Vector Laboratories). The following antibodies
were used: anti-SDF-1 clone K15C at 20 mg/ml, anti-
CXCR4 clones 12G5 and 6H822 at 15 mg/ml and 2 mg/ml,
respectively, and undiluted anti-CD1a MAb 010 (Immu-
notech S.A., Marseille, France). Controls with normal se-
rum instead of primary antibody were always included.
For K15C mAb controls preincubating the antibody with
SDF-1 protein were also included. Sections were coun-
terstained with hematoxylin.

To evaluate the specificity of K15C mAb, the immortal-
ized goat fibroblast TIGEF cell line23 was cotransfected
by the phosphate calcium method with 2 mg of EGFP-N1
(Clontech, Palo Alto, CA) and 20 mg of either pcDNA3
SDF-1a or b expression vectors. The pcDNA3 insertless
vector was used as the control.

TIGEF cells were spread on glass coverslips, and im-
munofluorescence was performed 40 hours after trans-
fection. To prevent secretion and to enhance intracellular
accumulation of SDF-1 isoforms, cells were treated for
the last 4 hours in culture with Brefeldine A (10 mg/ml).
Cells were washed and fixed in 3.7% paraformaldehyde
in phosphate-buffered saline (PBS), permeabilized as
previously described,15 incubated with the K15C mAb
(15 mg/ml) for 1 hour at room temperature, and finally
incubated with Cy3-goat anti-mouse IgG (Amersham Life
Science, Little Chalfont, UK). Confocal microscopy was
performed on a Leica TCS4D instrument. Series of 0.3–
0.7-mm intervals were recorded and photographed.

The presence of functional SDF-1 in the culture media
of transfected cells was confirmed by its ability to down-
regulate surface CXCR4 in a Jurkat lymphoblastoid T cell
line. CXCR4 endocytosis was evaluated by fluorescent
activated cell sorting (FACS) analysis as previously de-
scribed.15

Expression of SDF-1 by transfected cells was also
confirmed by Western blot. Cells transfected as indicated
above were treated or not for the last 4 hours in culture
with Brefeldine A. Cells were collected 48 hours after
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transfection, and cytoplasmic proteins (60 mg) were sep-
arated by 15% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, blotted onto nitrocellulose filters, and
probed with the K15C mAb. The ability of K15C to rec-
ognize either recombinant or synthetic SDF-1 isoforms
was compared. A horseradish peroxidase-labeled rabbit
anti-mouse antibody and the ECL system (Amersham Life
Science) were used to reveal SDF-1 isoforms by the
specific antibody.

In Situ Hybridization

Skin sections were dewaxed and rehydrated in PBS con-
taining 0.1% active diethylpyro carbonate (DEPC). Sec-
tions were microwaved for 3 3 5 minutes at 750 W in 1
mmol/L EDTA (pH 8) and postfixed in cold 4% parafor-
maldehyde in PBS for 10 minutes. After treatment with
0.1% Triton X-100, sections were prehybridized in 53
standard saline citrate (SSC), 50% formamide, and 13
Denhardt’s solution and hybridized in the same solution
containing 0.8 mg/ml of digoxigenin-UTP-labeled ribo-
probe for 12 hours at 50°C. Sections were washed in SSC
to a final concentration of 0.1 3 SSC at 55°C. Hybridized
probe was detected by incubation with 1:500 alkaline phos-
phatase-conjugated anti-digoxigenin antibody (Boehringer
Mannheim, Mannheim, Germany) 4-nitroblue tetrazolium
chloride/5-bromo-4-chloro-3-indolyl-phosphate for 1 hour
and color developed with either NBT/BCIP or fast red
(Vector Laboratories).

Digoxigenin-UTP-labeled sense and antisense SDF-1b
riboprobes were synthesized by in vitro transcription of
the SDF-1b cDNA cloned in pcDNA3 plasmid. Linearized
plasmids were transcribed in vitro, using SP6 and T7
polymerases according to the manufacturer’s protocol
(Boehringer Mannheim). The full-length antisense
SDF-1b riboprobe used (300 nucleotides) recognizes
SDF-1a and SDF1-b mRNA.

SDF-1 RT-PCR Analysis of Explanted
Dendritic Cells

Human skin was obtained from patients undergoing
breast plastic surgery. Samples were cleared of fat with
fine forceps. Skin explants (5 3 5 mm) were floated
dermal side down in 10-cm Petri dishes containing tissue
culture media (RPMI 1640 supplemented with 10% fetal
calf serum, 2 mmol/L glutamine, 1% penicillin/streptomy-
cin, 10 mmol/L HEPES buffer, 1% nonessential amino
acids, and 1 mmol/L sodium pyruvate; all from Life Tech-
nologies Laboratories, Charing Falls, OH) for 3 days. The
nonadherent migratory cells were gently resuspended,
filtered to remove debris, and counted with trypan blue
before use. Migratory dendritic cells (DCs) were charac-
terized by their dendritic morphology and CD1a FACS
analysis. More than 98% of nonadherent cells were CD1a
positive.24

For detection of SDF-1 mRNA by reverse transcriptase
PCR (RT-PCR), total RNA from human CD1a1 cells, fore-
skin fibroblast, and peripheral blood mononuclear cells
(PBMCs) was extracted and reverse transcribed by stan-

dard methods. For each sample an identical amount of
RNA was incubated with (RT1) or without (RT2) reverse
transcriptase. Amplification of SDF-1 cDNAs was per-
formed by PCR, using the following primers: sense 59AT-
GAACGCCAAGGTCGTGGT 39, antisense 59CTTGTTTA-
AAGCTTTCTCCAG GTAC 39. Aliquots of each sample
were amplified with b-actin primers14 as the cDNA load-
ing control.

Results

Specificity of Anti-SDF-1 K15C Antibody

SDF-1 a and b proteins diverge by the presence of four
additional amino acids at the carboxy-terminal end in the
b isoform. The K15C mAb was generated against a mod-
ified amino-terminal-end antigen shared by SDF-1 a and
b. The specific recognition of both SDF-1 isoforms by this
antibody was assessed by transfecting expression vec-
tors carrying their respective cDNAs in TIGEF cells,
which lack detectable SDF-1 mRNA, as assessed by
RT-PCR (data not shown). Transfection of TIGEF cells
with either SDF-1 a or b cDNA leads to the secretion of
active SDF-1 that is capable, as expected,15,16 of pro-
moting internalization of CXCR4 in a T-cell line (Figure
1a). After cell disruption, cytoplasmic proteins from SDF-
1-transfected TIGEF cells were fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, blot-
ted, and probed with the K15C mAb. While no signal was
detected in lysates from the control, untransfected cells,
the antibody recognized molecular species migrating
with the expected molecular weight of either SDF-1 a and
b (;8 kd). The use of Brefeldine A inhibited secretion and
promoted intracellular accumulation of both forms of

Figure 1. Expression and detection of SDF-1 gene products in mammalian
cells by the K15C MAb. a: TIGEF cells were transfected with pCDNA3,
SDF-1a, or SDF-1b. Forty-eight hours after transfection cell supernatants
(pcDNA, SDF-1a, or SDF-1b) were collected, and their ability to promote
CXCR4 down-regulation from the surface of lymphoblastoid Jurkat T cells
was assessed. Supernatants from untransfected TIGEF cell cultures (Untr.)
were used as controls. The expression of CXCR4 was analyzed by cytoflu-
orometry, using the CXCR4-antibody 12G5 or an isotype-matched mouse
immunoglobulin (Ctrl). b: TIGEF cells were transfected as indicated above
and treated or not for the last 4 hours in culture with Brefeldine A (Bref. A).
Cells were collected 48 hours after transfection, and cytoplasmic proteins (60
mg) were analyzed by Western blot with the K15C antibody. The ability of the
K15C mAb to recognize TIGEF-expressed or synthetic (100, 50, or 25 ng)
SDF-1 isoforms was compared.
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SDF-1, facilitating their detection (Figure 1b). The ability
of this antibody to specifically recognize SDF-1 products
by indirect immunofluorescence in intact cells was also
assessed. TIGEF cells were transfected with either
SDF-1b cDNA or insertless DNA plasmids. Cotransfec-
tion of a GFP expression vector made it possible to
identify cells that were efficiently transfected. Transfected
cells were treated with Brefeldine A. Intracellular accu-
mulation of SDF-1 was detected by immunofluorescence
with K15C mAb in SDF-1b-transfected cells, whereas no
signal was obtained in cells transfected with the insert-
less vector (Figure 2). Similar results were obtained when
SDF-1 cDNAs were expressed in cell lines from simian or
human origin (data not shown). The antibody failed to
recognize any other chemokine currently identified by
Western blot (data not shown).

SDF-1 Expression

In normal skin, SDF-1 immunostaining was uniformly
present in blood vessels of different sizes. Small capillary
vessels of the subpapillary plexus showed SDF-1 staining
in ECs as well as in pericytes (Figure 3, C and D). Larger
arteriolar and venular vessels in deeper skin layers dis-
played weak SDF-1 staining that was limited to ECs (Fig-
ure 3E). Preincubation of K15C mAb with SDF-1 peptide
completely abolished immunostaining (data not shown).
Expression of SDF-1 mRNA was confirmed in both ECs
and pericytes by ISH with antisense SDF-1 riboprobes
(Figure 4, C and D).

In both dermis and epidermis, scattered cells with
cytoplasmic dendritic processes and typical DC mor-
phology were strongly immunostained by anti SDF-1

Figure 2. Detection by confocal microscopy of the intracellular accumulation of SDF-1b by the K15C mAb. TIGEF cells cotransfected with SDF-1b (or an insertless
pcDNA3 plasmid) and GFP (green) expression vectors were incubated with K15C mAb and a secondary antibody conjugated to cye-3 (red). Cultures were treated
with Brefeldine A. A and B: Cotransfection of SDF-1b and GFP expression vectors. C and D: Cotransfection of insertless pcDNA3 and a GFP expression vector.
A and C: Simultaneous detection of GFP (green) and SDF-1b (red). B and D: Detection of SDF-1b (red).
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K15C MAb (Figure 3, A and C). These cells showed
morphology and distribution identical to those of Langer-
hans cells immunostained with anti-CD1a antibody in
serial consecutive sections (Figure 3 B). ISH with anti-
sense SDF-1 riboprobes also demonstrated SDF-1
mRNA expression by scattered Langerhans cells (Figure

4 B). ISH with sense riboprobes did not produce any
labeling above background (Figure 4 A).

Additional evidence corroborating the expression of
SDF-1 in skin DCs was obtained from highly purified
CD1a1 cell populations. CD1a1 DCs migrating out of
skin explants were immunolabeled with the K15C mAb

Figure 3. SDF-1 immunostaining in normal skin. A: Epidermal scattered DC were immunostained by anti-SDF-1 K15C MAb (arrow). B: A parallel section shows
the identical morphology and distribution of SDF-1-positive and CD1a-positive epidermal DC (Langerhans cells). C: Dermis also contains scattered SDF-1
immunostained DC (arrow). EC and pericytes of dermal capillary vessels (arrowhead) were also immunostained by anti-SDF-1 MAb.D: Both EC (arrow) and
pericytes (arrowhead) of small capillary vessels were immunostained. E: EC of larger vessels displayed weak immunostaining with anti-SDF-1 MAb. F: Epithelial
cells of sweat glands showed strong SDF-1 immunostaining (arrow). Sweat gland immunostaining was not uniform, and there were unstained areas
(arrowhead).
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and analyzed by FACS. Intracellular accumulation of
SDF-1 was demonstrated in permeabilized cells,
whereas no SDF-1 labeling was detected in nonperme-
abilized cells (Figure 5). RT-PCR amplification confirmed
the presence of SDF-1 mRNA in CD1a1 sorted DCs
(Figure 6). Together, these findings demonstrate that skin
DCs produce SDF-1 constitutively.

Epithelial cells of ecrine sweat glands and ductus were
also strongly labeled by K15C mAb (Figure 3F). These
structures were not uniformly stained, and different adja-
cent areas within the same gland showed discordant
staining. SDF-1 immunostaining was not detected in ker-
atinocytes. ISH showed the same mRNA pattern of ex-
pression as SDF-1 protein in sweat glands (Figure 4 E).

Normal skin fibroblasts were not labeled by anti-SDF-1
mAb or SDF-1 antisense riboprobes. In contrast, in sec-
tions from inflammatory skin diseases, fibroblasts close to
inflammatory infiltrates showed strong SDF-1 immuno-
staining (Figure 7, A and C). The pattern was similar in
scleroderma, cutaneous lupus, and dermatomyositis skin
sections. In addition to fibroblasts, in areas close to or
within inflammatory infiltrates, a high number of large
mononuclear cells with monocyte-macrophage morphol-
ogy displayed SDF-1 immunostaining (Figure 7, A and
C). Small lymphocytes of inflammatory infiltrates were not
stained by anti-SDF-1 mAb. This pattern was also con-
firmed by ISH with SDF-1 antisense riboprobes (data not
shown). In cultured foreskin fibroblasts, but not in PB-
MCs, SDF-1 mRNA was also detectable by RT-PCR (Fig-
ure 6).

CXCR4 Expression

In normal skin, CXCR4 protein was detected in most cell
types by immunohistochemistry with either 6H8 or 12G5
mAb. We found an identical staining pattern with the two
antibodies. The strongest CXCR4 immunostaining was
observed in ECs and pericytes of small capillary blood
vessels and in epithelial cells of sweat glands (Figure 8,
A and B). In larger vessels, EC but not smooth muscle
cells were immunostained. Keratinocytes showed weaker
positive CXCR4 immunostaining (Figure 8 A). Sweat
glands were uniformly immunostained, contrasting with

Figure 4. SDF-1 mRNA expression by ISH in normal skin. A: SDF-1 sense
riboprobes did not produce any signal above background (arrowheads
mark the dermoepidermal union). B: SDF-1 mRNA expression was detected
in epidermal Langerhans cells (marked by arrows). C: Both small capillary
vessels (arrow) and larger blood vessels (arrowhead) displayed EC label-
ing. D: A small capillary vessel with higher magnification shows labeling of
both EC (arrow) and pericytes (arrowhead). E: Sweat gland epithelial cells
showed uneven mRNA SDF-1 labeling, with alternating labeled (arrow) and
unlabeled (arrowhead) areas.

Figure 5. Expression of SDF-1 and CXCR4 in purified CD1a1 DC explanted
from skin. Cytofluorometric analysis of CD1a1 cells labeled with the anti-
SDF K15C mAb, 12G5 anti-CXCR4 mAb, or isotype-matched immunoglobulin
(control). SDF-1 was only detected in permeabilized cells. CXCR4 was
present at low levels on the surface of nonpermeabilized cells, and its
detection increased in permeabilized cells.

Figure 6. Detection of SDF-1 mRNA in CD1a1 DC explanted from the skin.
Foreskin fibroblasts and PBMC were used, respectively, as sources of positive
and negative controls for the expression of SDF-1 gene. cDNAs were gen-
erated by reverse transcription (RT) of total RNA and amplified by PCR.
Aliquots of each sample were similarly processed for the expression of
b-actin, which was used as a cDNA loading control. To rule out DNA
contamination and verify the specificity of the PCR-amplified signal, addition
of reverse transcriptase was omitted where indicated (RT).
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the pattern observed for SDF-1 (Figure 8 B). Some fibro-
blasts and dermal cells with dendritic morphology also
displayed CXCR4 immunostaining (Figure 8, A and C).
Because immunostaining does not differentiate between
intracellular and membrane CXCR4, we analyzed surface
CXCR4 expression in explanted DCs. Explanted DCs
were immunolabeled with 12G5 mAb and analyzed by
FACS. Low cell surface amounts of CXCR4 were de-
tected in explanted CD1a1 DCs by FACS analysis of
nonpermeabilized cells (Figure 5). Cell permeabilization
permitted detection of a more intense CXCR4 staining of
DCs, suggesting the preferential accumulation of the re-
ceptor in intracellular stocks.

In inflammatory infiltrates of all studied autoimmune
skin diseases, virtually all mononuclear cells, including
small lymphocytes, were strongly immunostained with
anti-CXCR4 antibodies (Figure 7, B and D).

Discussion

The wide and constitutive expression of SDF-1 suggests
a role in the homeostatic regulation of hemopoiesis and
trafficking of mononuclear leukocytes rather than in in-
flammatory phenomena. This represents a difference
from most other chemokines, the production of which is

up-regulated by proinflammatory stimuli. Nevertheless,
the potential function of SDF-1 in lymphoid cell recruit-
ment to normal tissues other than bone marrow and liver
or during inflammatory diseases has not been explored.

We here show that both SDF-1 and CXCR4 receptor
are expressed by skin blood vessels of different sizes.
Small capillary and larger venular and arteriolar vessels
express SDF-1 protein. Given the capacity of ECs to
internalize and accumulate chemokines from the extra-
cellular environment,21 we first hypothesized that expres-
sion of SDF-1 in these cells could merely result from
uptake of the chemokine secreted by pericytes. This
possibility was supported by the selective expression of
SDF-1 mRNA observed in pericytes, but not in the adja-
cent ECs, from intestinal tract vessels of mice embryos.8

However, we unambigously detect both the mRNA and
product of the SDF-1 gene in skin ECs. These divergent
data could be due to species or tissue differences, or
alternatively, they could be the consequence of a differ-
ent pattern of SDF-1 expression during embryogenesis.
The abnormal development of gastrointestinal vascular-
ization observed in CXCR4 knock-out mice8 and the ca-
pacity of cultured ECs to express CXCR4 and respond to
SDF-125,26 suggest a role for the autocrine secretion of
SDF-1 in the homeostasis of vascular endothelium.

Figure 7. SDF-1 and CXCR4 immunostaining in inflammatory infiltrates from skin autoimmune diseases. A, C: SDF-1 immunostaining is present in a large number
of fibroblasts (arrows) and large mononuclear cells (arrowheads) but not in small lymphocytes of inflammatory infiltrates. B, D: Virtually all lymphocytes and
mononuclear cells within inflammatory infiltrates were CXCR4 positive. A, C: Cutaneous lupus. B, D: Dermatomyositis.
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Whether this function is mediated by SDF signaling on
ECs or by other cell populations activated by the chemo-
kine is not known.

The production of SDF-1 by ECs or DCs raises ques-
tions on the autocrine responsiveness of these cells to
SDF-1 in vivo. It is possible that in vivo, the autocrine
constitutive secretion of the chemokine leads to down-
regulation and desensitization of CXCR4 in both cell
types. Thus a function of SDF-1 secreted by these cell
types might be to induce haptotactical attraction of
CXCR41 leukocytes and participate in the regulation of
their trafficking from blood to tissues. In keeping with this
assumption, it should be noted that SDF-1 has the high-

est capacity described among chemokines to promote
the attraction and arrest of circulating T lymphocytes on
the luminal side of vascular endothelium.27 Moreover,
tissue extravasation of circulating blood CD4 lympho-
cytes in transgenic mice with enforced CXCR4 expres-
sion in this T-cell subpopulation has been reported.28

Furthermore, when injected into nontransgenic animals,
transgenic CD4 lymphocytes overexpressing CXCR4
rapidly leave the blood. This phenomenon is pertussis-
toxin-sensitive, which indicates that, like SDF-1-mediated
activation, it depends on heterotrimeric G protein-medi-
ated cell signaling.28 It is conceivable that the disappear-
ance of transgenic CXCR41 T lymphocytes from blood
could be due to interaction of the overexpressed receptor
with SDF-1 produced by ECs.

Continuous exposure of circulating human blood T
lymphocytes to SDF-1 may be related to the reduced cell
surface expression of CXCR4 observed in these
cells.29,30 Interestingly, with isolation and short incuba-
tion in vitro, human blood T lymphocytes, which do not
express the SDF-1 gene, redistribute CXCR4 to the cell
membrane from preexisting intracellular pools of the pro-
tein.29 Binding to CXCR4 of either soluble15,16 or EC
membrane-bound SDF-1 could be responsible for the
reversible cell surface down-regulation of CXCR4 in pe-
ripheral T lymphocytes.

We have recently shown that both SDF-1a and b bind
in a CXCR4-independent manner to cell membrane
heparan sulfates (HS), including those of EC lines. Inter-
action of SDF-1 with HS is mediated by a cluster of basic
amino acids (Lys24 His25 Lys26) located in the first
b-strand of the chemokine.31 Interestingly, while associ-
ated with EC heparan sulfates, the amino-terminal do-
main of SDF-1, which is recognized by the mAb K15C
and is required for binding to and activation of CXCR4,
remains exposed and free for interaction with the recep-
tor. Together, these findings suggest that in vivo, the
functional form of the chemokine secreted by ECs might
be a proteoglycan-immobilized SDF-1 expressed on the
EC luminal side of sinusoid endothelia.

Although the constitutive expression of SDF-1 by en-
dothelium and skin DCs does not support a primary
proinflammatory chemoattractant function for this factor,
the specific pattern of SDF-1 expression observed in the
skin from autoimmune inflammatory diseases makes it
possible to envisage its participation in these pathologi-
cal phenomena. Whereas no SDF-1 mRNA or protein was
observed in normal dermal fibroblasts, fibroblasts close
to or within dermal inflammatory infiltrates strongly ex-
press SDF-1. Fibroblasts have been found to express
many other chemokines in response to a variety of proin-
flammatory stimuli and may therefore represent a source
of chemoattractants in connective tissue before infiltra-
tion by nonresident cells occurs.32 A recent report shows
that the SDF-1 gene is induced in serum-activated fibro-
blasts.33 In keeping with these findings, we detect SDF-1
mRNA in human fibroblasts cultured with serum. It can be
speculated that the expression of SDF-1 observed in
dermal fibroblasts from autoimmune inflammatory disor-
ders is related to the pathological activation status of
these cells. In addition to fibroblasts, infiltrating mononu-

Figure 8. CXCR4 immunostaining in normal skin. A: Normal epidermal
keratinocytes were uniformly stained by anti-CXCR4 antibodies. EC and
pericytes (arrowhead) and dermal fibroblasts (arrow) were also immuno-
stained. B: Normal sweat gland epithelial cells were strongly and uniformly
immunostained. C: Larger vessels also showed strong CXCR4 staining (ar-
rowhead). Cells with dendritic (arrow) and fibroblastic morphology
around blood vessels are also immunostained.
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clear cells of monocyte-macrophage morphology also
express SDF-1. Because peripheral blood leukocytes do
not express SDF-1 constitutively,3 the expression of
SDF-1 by mononuclear cells in inflammatory infiltrates is
probably induced and deserves further analysis. Overall,
these findings open the possibility that SDF-1 produced
by fibroblasts and the accompanying mononuclear cells
takes part in the pathogenesis of autoimmune inflamma-
tory skin diseases.

In normal skin, DCs express SDF-1 mRNA and protein.
DCs are a well-defined system of immune surveillance in
many tissues. Expression of SDF-1 by DCs may be a
mechanism for attracting naive T lymphocytes, which
typically express CXCR4 receptor,34,35 into close contact
with these antigen-presenting cells.36 Tissular extravasa-
tion of circulating naive T lymphocytes to be attracted by
resident DCs could be ensured under physiological cir-
cumstances by SDF-1 constitutively produced by ECs.

Besides these physiological functions, the expression
of CXCR4 in DCs and their autocrine secretion of SDF-1
could provide some clues to the preferential transmission
of R5 and delayed propagation of X4 HIV isolates in
infected individuals.17 Cells from DC lineage are thought
to support the primary infection and replication of SIV in
exposed mucosas,37 which appears to be a preferential
site for early virus replication38 and CD4 T lymphocyte
depletion,39,40 even when the viruses are inoculated in-
travenously.39 By using Langerhans cells from skin,
which are immature DCs resembling resident DCs of
intestinal and genital mucosa, it has been shown that this
type of cell is not susceptible to infection by X4 HIV
isolates, although it permits replication of R5 HIV virus-
es.19,41 Infection of DCs by X4 viruses strikingly and
directly correlates with their CXCR4 cell surface expres-
sion. Interestingly, it has been shown that CXCR4 expres-
sion in resident skin DCs is preferentially intracellular.19

Given the production of SDF-1 by DCs, it is conceivable
that the occupancy and the consecutive cell surface
down-regulation of CXCR4 induced by the autocrine se-
cretion of the chemokine may account for the reduced
cell surface expression and intracellular accumulation of
CXCR4. Thus SDF-1-down-regulated expression of
CXCR4 in DCs may explain the refractory environment
that they offer to X4 HIV strains. In addition, secretion of
SDF-1 could also selectively interfere with transmission of
X4 HIV viruses to DC-neighboring CD4 T lymphocytes,
thus limiting their propagation. Our unpublished obser-
vations demonstrate that SDF-1 expression extends to
DCs of lymph nodes, suggesting that this can be a gen-
eral feature of DCs. It will be very important to determine
whether SDF-1 production by DCs in lymphoid tissues
has the capacity to interfere with X4 propagation within
these organs.

In conclusion, this study provides new data on the
identification of cells expressing the SDF-1 gene and
producing SDF-1 protein. Our findings shed light on the
physiological functions proposed for the SDF-1/CXCR4
system and make it possible to envisage its participation
in pathological processes associated with inflammatory
disorders or HIV infection. Further characterization of
SDF-1 tissue expression and identification of cell types

producing the chemokine will be critical to understanding
the role played by the SDF-1/CXCR4 system in both
physiological and pathological situations during postna-
tal life.
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